Heteroduplex deoxyribonucleic acid (DNA) molecules were formed in vitro by denaturing and renaturing a mixture of DNAs from a variety of X strains. The infectivity of these heteroduplexes was studied by using host-controlled modification and restriction to prevent infection by contaminating parental homoduplexes. Either strand was able to protect against degradation by restriction nucleases in vivo. A large proportion of progeny phage, which had been produced after infection with heteroduplexes containing noncomplementary base pairs at multiple loci, retained the genotype of one of the parental homoduplexes. The results indicate that conversion of heteroduplexes to homoduplexes in vivo by a DNA repair mechanism does not occur frequently. Molecules heterozygous for the c17 or vir operator mutations were not infectious; it is suggested that these mutations involve multiple base pairs.
Heteroduplex deoxyribonucleic acid (DNA) molecules were formed in vitro by denaturing and renaturing a mixture of DNAs from a variety of X strains. The infectivity of these heteroduplexes was studied by using host-controlled modification and restriction to prevent infection by contaminating parental homoduplexes. Either strand was able to protect against degradation by restriction nucleases in vivo. A large proportion of progeny phage, which had been produced after infection with heteroduplexes containing noncomplementary base pairs at multiple loci, retained the genotype of one of the parental homoduplexes. The results indicate that conversion of heteroduplexes to homoduplexes in vivo by a DNA repair mechanism does not occur frequently. Molecules heterozygous for the c17 or vir operator mutations were not infectious; it is suggested that these mutations involve multiple base pairs.
Heteroduplex deoxyribonucleic acid (DNA) molecules contain a region in which one or more base pairs are noncomplementary. Since the strands have different genotypes, the molecules can be considered to be heterozygous. Such molecules can be created in vitro by denaturing and renaturing a mixture of DNAs of two genotypes.
In a system where the heteroduplex molecule can enter a cell and be expressed, one can obtain information about the individual in vivo biological roles of the two strands. However, the utility of heteroduplex infectivity studies is limited because it is not known to what extent the heteroduplex molecules are converted to homoduplex molecules in vivo by some kind of DNA repair process. This uncertainty has caused some difficulty in the interpretation of some recent experimental results with heteroduplexes. For example, Doerfler and Hogness used heteroduplexes made from susN and N+ strains of phage lambda to determine which X DNA strand is transcribed for the synthesis of N gene messenger RNA (4) . The r (rightward transcribed) strand of one genotype was hybridized to the 1 (leftward transcribed) strand of the other genotype, and the infectivities of the two possible heteroduplexes, rN+IN and rNlN+, were compared in a host thought not to permit phage growth unless the N+ genotype appeared in the strand that was transcribed for the N gene. Unexpectedly, the two types of heteroduplexes were equally infectious, and 17 the authors suggested that each population of the two heteroduplexes was converted to equal amounts of the parental homoduplexes by the host cell system involved in DNA repair. The findings of Ogawa and Tomizawa (13) on XsusN replication make it unnecessary to postulate a DNA repair scheme to account for the results of Doerfler and Hogness. But the question of the frequency of repair remained unanswered. In a study designed to show whether one or both DNA strands provide information for the synthesis of progeny molecules, Russo et al. (20) found that X heterozygotes formed in vivo disappeared upon DNA replication as predicted by the Watson-Crick model of DNA replication. However, Russo et al. could not determine whether the heterozygote disappearance directly resulted from DNA replication or was caused by some repair process that operated while replication was occurring.
To determine the frequency of conversion of heteroduplexes to homoduplexes by repair in vivo, we studied the genotypes of progeny produced with X heteroduplexes in which the strands differed at several known sites. The repair would operate at each site independently and result in recombinant progeny with genotypes different from that of either original parental homoduplex. This process is schematized in Figure 1 . We found that a large proportion of the progeny retain the parental DNA genotypes indicating that heteroduplex repair occurs infrequently. HOWARD In the Doerfler-Hogness experiment it was necessary during renaturation to avoid formation of parental N+ homoduplexes that would mask the infectivity of the heteroduplex molecules. This was accomplished by separation of the two strands of A DNA. We have devised a procedure that allows us to measure the infectivity of heteroduplexes in the presence of excess homoduplexes. Thus Production of phage lysates. To obtain stocks of nontemperate phage strains, log-phase bacteria grown in tryptone broth were infected with phage at a multiplicity of infection of about 0.1 and incubated at 37 C until lysis. Lysates of temperate phage strains were produced by induction of log-phase lysogenic cultures grown in tryptone broth. Lysogens of cIts857 strains were induced by incubation of cultures at 42 C for 20 min and then at 37 C until lysis. The other lysogens were incubated with 3 Ag of mitomycin C per ml for 1 hr at 37 C, centrifuged, resuspended in fresh tryptone broth, and incubated at 37 C until lysis.
Preparation of phage DNA. Phage lysates were cleared of bacteria by centrifugation at 9,000 rev/min for 20 min in a Sorvall GSA rotor. The supernatant phage was centrifuged at 13,000 rev/min for 3 hr in the same rotor. The phage pellet was resuspended by allowing it to stand in TCM overnight. The concentrated phage suspension was placed in a groundglass, covered test tube with an equal volume of distilled phenol saturated with SSC. The two phases were mixed by gently tipping the tube upside-down 30 times by hand and then the mixture was separated by centrifugation. The DNA-containing aqueous phase was again mixed with fresh phenol as just described. After another centrifugation step, the DNA INFECTIVITY OF LAMBDA HETERODUPLEXES was dialyzed against three changes of SSC. DNA concentration was determined by absorbance at 260 and 280 nm.
Separation of strands. The procedure is a slight modification of the techniques of Cohen and Hurwitz and of Taylor et al. (3, 19) . Phage were concentrated by centrifugation as described above and then purified in a CsCl gradient. The phage band was dialyzed 5 hr against TCM. A 7-ml mixture containing dialyzed phage (200 ug of DNA), 200 Mg of poly(UG) (Miles Laboratory), 0.003 M Tris-hydrochloride, (pH 8.5), 0.001 M ethylenediaminetetraacetic acid, 0.1x SSC, and 0.15% sodium dodecyl sarcosinate (Geigy Industrial Chemicals Corp.) was heated at 95 C for 5 min and quickly cooled. Cesium chloride was added to give a refractive index of 1.4010-1.4030. This preparation was centrifuged in a Spinco 40 rotor for 65 hr at 37,000 rev/min. After centrifugation, a hole was made in the bottom of the tube, and 6-drop fractions were collected into 1 ml of 2x SSC. The DNA content of each fraction was established by absorbance at 260 nm.
A DNA hybridization. Samples containing, in 2x SSC, either equimolar amounts of DNA from both parental genotypes or, as controls, one parental genotype were incubated at 100 C for 3 min and then at 64.5 C for 3 hr. The DNA concentration in all samples was 10 gg/ml. After heating, the sample containing both parental genotypes was diluted 50-fold into TCM, and the two control samples were diluted 100-fold into the same TCM solution to give an unhybridized mixture of the parental DNA homoduplexes.
The DNA solutions were further diluted in TCM as necessary for the infectivity studies.
Assay of DNA and analysis of progeny. The appropriate bacterial cells were grown in I medium and infected with helper phage by the method of Kaiser and Inman (10) . To 0.2-ml cells was added 0.1 ml of DNA in TCM. After incubation at 37 C for 30 min, a few drops of an overnight culture of indicator bacteria was added along with 2.5 ml of top agar. The contents were poured on a tryptone agar plate and, after the agar hardened, incubated overnight at 37 C. In some cases the progeny phage produced after DNA infection was examined for ind, cIts, and rex genotypes. Plaques were picked and cloned on C600, and the cloned phage was lysogenized by selecting A-resistant colonies from the middle of plaques on C600.
The lysogenic cultures were then tested for the ability to (i) produce phage spontaneously, after ultraviolet irradiation and after incubation with 1 Mg of mitomycin C per ml, (ii) form colonies at 42 C, and (iii) grow on an agar plate across a streak of T4rH phage at 30 C. RESULTS Infectivity of heteroduplexes. The infectivities of heat-denatured and renatured A DNA are indicated in Table 1 . After denaturation, A DNA retains less than 1% of the infectivity of native DNA and, upon renaturation, regains 10% of its original infectivity. In this case the renatured DNA activity is that of homoduplex DNA formed in vitro under the same conditions used to make heteroduplexes. Heteroduplexes are made by denaturing and renaturing a mixture of DNA molecules of two genotypes. Of course, in addition to heteroduplexes, the parental type homoduplexes are also formed. To follow selectively the infectivity of heteroduplexes in the presence of parental homoduplexes, we have made use of the phenomenon of host-controlled modification that affects some phages and DNA from these phages (1). Certain bacterial strains are able to degrade foreign DNA and to modify DNA so that it is immune to such degradation. Other strains lack these degradation and modification systems. Thus the ability of a phage or phage DNA to multiply in some hosts depends on the bacterial strain in which it had previously been grown. For example, DNA from A phage grown on E. coli K strains (= A K) infects E. coli C about as well as E. coli K, whereas DNA from A C is about 100 times less infectious for E. coli K than it is for E. coli C (6). A hybrid DNA molecule that contains one strand modified (replicated in K) and the other strand unmodified (replicated in C) is not restricted by K. Thus, if heteroduplexes were formed from parental DNA molecules that, in one case, carry a mutation making them unable to multiply on a certain K host and, in the second case, are without the mutation but were replicated on a C strain, only the heteroduplex molecule would be able to infect the K host while the parental homoduplexes would be excluded. Instead of E. coli C, we have used a modification-deficient, restriction-deficient E. coli K mutant isolated by Wood (21). For our purposes, A grown on this mutant (= A 803) behaves like AX C.
This general principle of selection can be illustrated by the case presented in Table 2 . XsusN .C600 DNA and AN+ .803 DNA samples were denatured and mixed before and after renaturation. Using 594 as the host bacterial strain, the infectivity of the various samples VOiE 11, 1973 (12) . To determine whether the same holds in vivo, AN -K DNA was hybridized to A .803 DNA heavy and light strands that had been separated from one another in a CsCl density gradient after complexing with poly(UG). Figure  2(a) shows the two peaks obtained. An indication of the purity of the two strands is given in part I of Table 3 . A renatured mixture of samples from both peaks was 25 times more infectious than either sample renatured alone or an unrenatured mixture of the samples. The infectivity observed with the unmixed renatured samples presumably represents contamination of heavy strand in the light strand peak and the converse. Samples of such strands were hybridized with AsusN -K DNA, and the heteroduplexes were tested for infectivity on 594. As shown in Table 3 , part II, the two heteroduplex types were approximately equally infectious, demonstrating that both strands are capable of protecting against restriction by E. coli K in vivo, and confirming the finding of Doerfler and Hogness concerning the equal infectivity of rN+lN and rNIN+ heteroduplexes in a nonpermissive host (4). A similar experiment using E. coli C in place of the K803 strain gave essentially the same results.
Multiple site heteroduplexes. Increasing the number of noncomplementary base pairs in the heteroduplex to at least four does not substantially decrease the infectivity of the heteroduplex (Table 4 ). In the case described, the strands of the heteroduplex differ at four known positions lying in one small segment of the genome, the N, rex, and cI genes (see Fig. 3 ).
Genotypes of progeny phage. For the experiments described in Table 4 , the progeny phage were selected on the basis of the N function. Because 594 was used as both the host for the infecting DNA and the indicator bacteria for the progeny phage produced during the infection, only N+ progeny were selected. The genotype of the progeny with respect to the other three markers was not selected, however. Thus their genetic composition would indicate the extent to which heteroduplex repair occurred. For the most part, the progeny maintained the genetic composition of the parents with respect to the three unselected markers. Of the 11 progeny examined, 5 had the genotype of the N + parental phage and 3 had the genotype of the N parental phage with respect to the three unselected markers. For these same three markers in the case where the infected host was 594 and the indicator strain was C600 (to allow multiplication of N progeny), of the 28 progeny examined, the N+rexcIts+ind+ and Nrex+cItsind parental genotypes were found in 16 and 5 progeny, respectively. The remaining seven progeny examined had "recombinant" genotypes. In these infections the helper phage 21hy did not contribute any genetic information for the four relevant markers, i.e., N, rex, cIts, and ind. These markers all lie in a region for which there is no genetic homology between A and 21hy. Nor did the markers come from the indicator strains which were lysogenic for phage 21 .
We wished to determine whether the progeny formed after infection with one heteroduplex type, e.g., rN+lN, were different in genotype from those formed after infection with the reciprocal heteroduplex, rNJ N+. For this purpose a genotype analysis was done on prog- aThe X strains used are the same as in the experiment described in Table 2 . The r and I strand samples are the r and I peak fractions from the gradient described in Fig.   2(a) . In experiment I, separate samples of the peak fractions and a mixture of equal volumes of the samples were heated at 100 C and then at 64.5 C, as described in Materials and Methods. In experiment II, all samples were renatured by the same procedure. The DNA samples described in the last two lines contained one volume of the undiluted r or I peak fraction and three volumes of N7 DNA in 2x SSC.
The concentration of N7 DNA in the mixture was 5 gg/ml.
The infected host and indicator strain was 594 (Xi434). The helper phage was Xi434. Fig. 2(b) . The conditions of hybridization are those described in the legend to Table 3 eny from heteroduplexes formed from separated strands. The DNA strands from N+rex+ cIts857ind 803 were separated in a CsCl density gradient after complexing with poly-(UG). The separation is shown in Fig. 2(b) . Each strand was then hybridized to susN7 VOL. 11, 1973 on November 1, 2017 by guest http://jvi.asm.org/ Downloaded from rexcIts+ind K DNA. Competent 594(21) cells were infected with the heteroduplexes formed from both strands and plated on either 594(21) or C600 (21) . The helper phage was 21hy. The infectivities of the samples are given in Table 5 . For each combination of'heterduplex type r N+l ' or rNIN+ and indicator strain 594 or C600, 19 progeny were cloned and analyzed. The progeny genotypes are given in Table 6 . Of the 38 progeny examined when 594 was used as the indicator strain, 30 were parental in genotype for the three unselected markers. In the case where C600 was the indicator strain, parental genotypes were found for 9 of 20 N progeny and 10 of 18 N+ progeny. Thus, depending on the bacterial indicator strain used, 50 to 80% of the recovered progeny phage are nonrecombinant for the three unselected markers. The higher percentage figure applies when only N-progeny phage are permitted to form plaques on the indicator.
Immunity heteroduplexes. The studies with heteroduplexes were extended to other markers. We had hoped to use heteroduplexes in which the strands had different sensitivities to the phage repressor to explore in vivo how the repressor interacted with the operator. Heteroduplex selection was based on the same principle described for the earlier work. DNA from a repressor-sensitive A K was hybridized to DNA from a repressor-insensitive phage that had been propagated on 803. The infectivity was measured on C600( A), which prevents multiplication of both parental homoduplexes because it produces the repressor and it restricts A 803 DNA. Unfortunately, as shown in Table 7 , the inf'ectivity of many of these kinds of heteroduplexes was no greater than the corresponding parental homoduplexes. We first tried to make infectious heteroduplexes by hybridizing DNA from two phage with nonhomologous immunity regions, A and Ai"'. The latter is a hybrid phage containing almost all the genome of A except for the immunity region which is from the related phage 434 (12) . The sample containing A-Ai434 heteroduplexes was no more infectious than a mixture of the renatured parental homoduplexes. However, infectious heteroduplexes can be made from these DNA preparations if' both strands contain the A immunity region or if both contain the 434 immunity region. These results are not surprising because the region of nonhomology between A and Ai434 covers a considerable 803 , the second in C600. The indicator strain was the same as the inf'ected host except for the inf'ection listed in the last line in which case C600 (A) was the indicator strain. The helper phage was AcIts857 when the inf'ected host was 594 (A), and Ai434 when the host was 594 (Ai434). portion of the genome (see Fig. 3 ). Presumably such a large nonhomologous region prevents entry or expression of the DNA.
We then turned to X-virulent mutants. One such mutant is vlv2u3 obtained by one mutation step from nonvirulent v2v3 (W. P. Diehl, Ph.D. thesis) which in turn was obtained from 11 (9) by crossing in the b2+ region. The v2v3 phage is a double mutant containing one mutation (v2) between N and cI and one mutation (v3) just to the right of cI. The third mutation (v 1) in v lv2v3 also maps to the right of cI near v3. All three mutations are required for virulence. Unexpectedly, heteroduplexes made with XK12 and either vlv2v3 or v2v3 were not infectious although vlv2v3-v2v3 heteroduplexes were. Thus, a noncomplementary region involving at least one of the two virulence markers in v2v3 seems to interfere with heteroduplex inf'ectivity, whereas the noncomplementary region involving the additional marker vl does not in itself interfere with infectivity. Similar results were obtained from another type of X virulent mutant, c17cI90. For virulence the c17 mutation, which maps in the Y region between X and cII, must be cis to a cI mutation (14, 15) . We used cI90, a clear mutant. Using various combinations of X, Xc 17, Xc17cI90, and XcI90 parental DNA to form heteroduplexes, it was clear that the heteroduplexes were infectious unless the noncomplementarity in the heteroduplex involved the c17 marker; that is, only heteroduplexes in which both strands were c17 or both were c17+ were infectious. A noncomplementary region involving the cI90 marker did not interfere with infectivity of the heteroduplex.
These results suggest that the heteroduplexes that are noncomplementary for the c17 mutation and at least one of the two virulence mutations in v2v3 are not infectious because these mutations might involve multiple base pairs, perhaps a deletion or inversion. This explanation is somewhat less cogent for the case of the v2v3 mutations. Despite our attempt to use strains as nearly isogenic as possible (5) for heteroduplex formation, v2v3 because of its past history might have a nonhomologous region that is unrelated to virulence and that is too large to permit formation of infectious heteroduplexes with the X K12 strains used. Heteroduplexes formed between vlv2v3 and XPaPa or cI90 were also not infectious.
DISCUSSION
We have determined the genotypes of progeny phage produced after infection with A DNA heteroduplexes containing noncomplementary base pairs at four known sites including one in the N gene. We do not know the degree to which the DNA-infected host selects for N+ phenotype or the effect of this selection on the progeny N genotype under the conditions of infection used in these experiments. Therefore our attention is focused on the three markers, rex, ind, and cIts, that do not undergo any selection. Approximately 80% of the progeny that had multiplied on 594 were nonrecombinant for the three unselected markers. We have assumed that DNA repair operates independently at each marker site. However, the finding that over 90% of the progeny are nonrecombinant for the ind and ts857 markers could be explained by a single repair affecting both markers as would be expected if the average length of the repair patch were less than the distance between the markers. Neither quantity is known with certainty, although it has been estimated that the length of the repair patch after ultraviolet light irradiation of E. coli is 50 nucleotides per pyrimidine dimer (8) . If this estimate is approximately correct, it is very unlikely that a single repair would affect both the rex and ts857 markers which are separated on the genetic map by a considerable distance. But over 80% of the progeny are nonrecombinant for these two markers. Thus, unless we are willing to assume that repair operates readily in the ind-ts857 region but not in the rex region, we must conclude that repair does not occur frequently in either region. It is not' certain whether the remaining 20% of the progeny that are recombinant obtained recombinant genotypes by repair of the infecting heteroduplex or by normal genetic recombination among progeny molecules. That the latter can occur frequently is indicated by the results obtained when the indicator strain was C600 rather than 594. In this situation both N+ and N progeny could multiply, allowing greater opportunity for recombination, but the rate of repair of the original heteroduplexes should not be affected. With C600 as an indicator, recombinant progeny did occur with a higher frequency than with 594 as an indicator.
Our (18) . These mutants were predominantly of the single base-pair substitution type. However, they were shown to confer only partial constitutivity for lac enzyme synthesis. Double-operator constitutive mutants produced higher constitutive enzyme levels than did single mutants.
The situation for the X virulent mutants is somewhat more complex in that more than one mutation is required for virulence. This has been explained by the need to prevent repression of more than one operon (14, 16 
